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Many suggestions have been made to explain the behaviour of the cations in 
the network of glass. Goldschmidt [1] was the first to recognize the importance 
of the tetrahedral co-ordination and the ionic sizes. According to him, the right 
proportion between the ionic radii of the cations and the network-forming anions 
should be approximately 0.3. 

In the rules of Zachariasen’s glass theory,[ 2] the connection between the 
valency of a cation and its capability of acting as a network-former has been 
found. 

These rules cannot categorically explain the different behaviour of the cations 
in glass, and accordingly other criteria have been suggested, of which the most 
important is that of Sun [3]. His criterion is based on the concept of single 
bound strength, defined as the dissociation energy per gramme-atom of the cation 
associated with its oxygen equivalent, divided by the co-ordination number of the 
cation, This energy is the energy needed to dissociate into gaseous atoms. The 
calculated bound strengths are listed in Table 1. Glass-formers have high bond 
strength values in the neighbourhood of 100, intermediates the values between 80 
and 60, and modifiers less than 60. However, in this criterion the glass-forming 
As°+ and sb°* have low bond strength values 64 and 55, 

A.) Modification of the the ion characteristic to the glass theory. 

In this article the cations have been grouped under the expression of ion 
characteristic, By this, there is understood in the following abbreviated IK, the 
quotient, [4]. 
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Table 1. 


Dissociation Co-ordination Single bond 

Ion Valency 

energy number strength 
B 3 356 3 119 
Si + 424 4 106 
Ge 4 431 4 108 
Al 3 402 - 317 4 101 - 79 
B 3 356 4 89 
P 5 442 4 111 = 88 
Vv 5 449 4 112 - 90 
As 5 349 4 87 ~ 70 
Sb 5 339 4 85 - 68 
Zr 4 485 6 81 
Ti 4 435 6 73 
Zn 2 iad 2 72 
Pb 2 145 2 713 
Al 3 317 - 402 6 53 = 67 
Th 4 516 8 64 
Be 2 250 7 63 
Zr 4 485 8 61 
Cd 2 119 2 60 
Sc 3 362 6 60 
La 3 406 7 58 
Y 3 399 8 50 
Sn 4 278 6 46 
Ga 3 267 6 45 
In 3 259 6 43 
Th 4 516 2 43 
Pb + 232 6 39 
Mg 2 222 6 37 
Li 1 144 4 36 
Pb 2 145 4 36 
Zn 2 144 4 36 
Ba 2 260 8 33 
Ca 2 257 8 32 
Sr 2 256 8 32 
Cd 2 119 4 30 
Na 1 120 6 20 
Cd 2 119 6 20 
K 1 115 9 13 
Rb 1 115 10 12 
Mg 2 65 6 11 
Cs 1 114 12 10 
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Table 2. 


Ion tj IK Co-number IK/Co-number 
pot 0.35 81.5 4 20.4 
0.52 18.9 4/6 19.5/13,0 
0.46 70.6 4 17,6 
MoS+ 0.62 64.8 6/4 16.1/10.8 
wot 0.62 61.5 6/4 10.2/15.4 
yot 0.59 55.8 4 13,9 
sb°+ 0.62 52.6 4 13,1 
sitt 0.42 50.3 4 12.6 
uot 0.80 49,8 8 6.2 
Ge*t 0.53 48,8 4 12,2 
Nb°t+ 0.69 47,4 4 11.9 
pet 0.23 45,2 3 15.1 
Biot 0.74 44,0 4 11.0 
Ta>+ 0.68 43.7 4 10.9 
sn*t+ 0.71 36,2 6 6,0 
Tit* 0.68 35.9 6 6,0 
zr*+ 0.79 31.7 8 4,0 
0.84 30.9 6 5e1 
pst 0.44 30.0 3 10.0 
Hf 0.78 29.4 6 5.0 
As”* 0.58 29.2 3 9.7 
pr*+ 0.92 27.4 1/4 3.9/6.2 
cet 0.94 27,2 1/4 3.9/6.2 
0.63 27.0 6 4.5 
A18+ 0.51 25.7 4/6 6.4/4.3 
utt 0.97 25.9 8 3.2 
™ 1.02 25.2 8 3.1 
0.64 24,4 4/6 6.1/4.1 
cr3+ 0.63 23.7 4/6 5.9/4.0 
Mn°* 0.66 23.4 4/6 549/349 
sb°* 0.76 21.4 3 1.1 
0.76 19.4 4/6 4,8/3.2 
sc3+ 0.81 17.8 6 3.0 
Bi 0.96 17.8 6 3.0 
0.95 17.7 6 3.0 
0.85 17,7 1/4 2.5/4.3 
0.86 17.2 2.5/4.3 
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Ion 
tj IK Co-number IK/Co-number 
3+ 
Tm 0.87 
“4 17,1 1/4 2.5/4.3 
0.89 16.9 1/4 2.4/4.2 
Ho3+ 0.91 16.8 pee 
a 1/4 
2.4/4.2 
oy 0.92 16.7 1/4 2.4/4.2 
¥ 0.93 16.6 1/4 2.4/4.2 
Y oe 0.92 16.5 1/4 2.4/4.2 
0.97 16,1 1/4 2.3/4.0 
Eu wt 0.98 15.9 1/4 2.3/4.0 
1.00 15.6 1/4 2.2/3.9 
i 1/4 2.1/3.7 
prot 1,06 14.6 1/4 2.1/ 
21/3.7 
.08 14.6 1/4 2.1/3.7 
ra 1.10 14.4 7/4 2.1/3.6 
Ce 1.07 14.4 1/4 2 
-1/3.6 
.35 13.5 4 
1 
.14 13.5 1.9 
Ni 0.69 10.6 , 
4/6 
Cu2+ 0.72 9.6 
67 4/6 2.4/1.6 
oo 0.74 9.90 4 2.5 
Co 0.72 ) 
9.67 4/6 2.4/1.6 
9.25 4/6 2.3/1.5 
Mg t 0.66 8,45 6 1.4 
oa 0.93 7,82 6 1.3 
Cd 0.97 7,35 
. 2/4 
1.20 6.10 4 
0.99 5.89 8 
we. 1.12 5,62 8 0.7 
1.34 4.62 8 0.6 
Ra 1.4 
3 4,54 0.6 
Li 0.68 1.58 
ll 4 0.40 
u* 0.96 1.49 0.25 
Na” 0.97 1,22 6 0.20 
Tl 1.47 0.95 9 ' 
Kt 1 
.33 0.88 9 0.1 
Rb 1.47 0.84 10 ' 
0.08 
Cs 1.67 0.73 
12 0.06 
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is the nominal ionic charge 

the ionic radius 

0.53 A; K, = sin? (V/4)R; R= 90° 

the base of Napierian logarithms 

the average surface density of electrons in the atomic subshells, 
obtained by projecting the electrons into a sphere with a radius 
equal to the ionic radius 
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Only the electrons of the corresponding inert gas should be taken into consideration 
in the number N_e) of electrons, The screen value of the electron outside the sphere 
of inert gas is 0, the value of s-p-d-electrons (of imert gas) is 1 and that of 
f-electrons 1/3, 

The IK-evalue and ionic radius of the cations capable of existing in the oxide- 
type-glasses is listed in Table 2, 

Because of the ionic structure in the elementary crystals in the network of 
glass, it is possible to attempt to discover an explanation for the different behaviour 
of cations by their I[K-values, and simultaneously observing their co-ordination 
number in the network, In the last two columns in Table 2, the [K-values of the 
cations are divided by their co-ordination numbers, in part according to Sun [3], 
and in part to Weyl’s [4] general numbers, 6 to a network modifier and 4 to a 
network former, this co-ordination number being given in the first of these last 
columns, 


IK 
In Figure 1, the co-ordinat in (——_—__) . K/co- 
gur co-ordinates are —————) /co-number being 


in the following abbreviated IK? and the ionic radius. Cations which are already 
known as glassformers are marked with a circle, intermediates with a cross, and 
modifiers with a square, 

By examination of this figure, it is easy to see the distribution of the cations 
into three separate groups. 

All known glassformers sitt, Ge4t, B°+, Biot 
Nb°*, As°*, sb°+ and P3+ are in the first group, having a higher IK! -value 
than 7.5, In addition to these, Cr6+, Mo®+ and w+ are also located in this 
area perhaps with too low a co-ordination number 4, However, these can be 
separated from the network formers by drawing a straight line, the glassforming 
border, between these and the network formers, The distance between this border 
and a network former seems to have a certain influence, the best formers si**, 
Ge4+, B3+ having the major distances, and the hypothetical formers such as vot 
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Fig. 1. 


Table 3. Raw Materials 


a) Sand b) Soda Solvay 
SiO, 99.9 % Na, O 58.58 % 
10 0.03 * 0. 
Al, 3 1 Na, SO, 35 
oO 0.002" 1 
Fe, 3 2 NaC 
Fe_O 003" 
3 0,003 
c) Lead Oxide d) Chalk( Merck No, 2067) 
PbO 99.42 % MgO 0.3 %o 
oO 0.0003 " 
Fe, 3 Fe, 0, 0.002 
Al_O 0,002 
x 


being located quite near this border, There may also be seen a certain correlation 
between the lowering IKl-value and the adaptibility of a cation with a larger 
ionic radius to form a glass. 

All intermediates have IK+values between 6,5 and 1.2. The cations which 
can most easily substitute for a network former have the highest IK!=values, 

All ordinary network modifiers have an IK! -yalue below 0.8. This group 
includes the alkali- and earthalkali cations, with the exception of Mg 2+ and 
Be2*, 

The results seen in Figure 1 support the existence of a real correlation between 
the IK! -value of a cation and its behaviour in the network of glass. 

In Figure 1, the group of rare-earth elements in their trivalent state is located 
in the centre of the intermediate-area, As they are particoloured ions, with absorption 
spectra of characteristic sharp limes which are practically unchanged in all 
glasses, and as furthermore they are to some extent unknown in their behaviour 
in the network of glass, the cations of rare-earth elements offer an excellent way 
of undertaking research into the influence of the IK!~values of the cations on 
their role in the network. According to earlier work in which Nd [6], Pr[6], 
and Eu [7] were employed as indicators for the constitution of glass, the general 
behaviour of the rare-earth cations is probably the intermediate one, 


For practical application, the raw materials were selected so as to be as pure 


§ 
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Table 4, Batches and Base-glasses 


a b a b 
Sand 100 g 100 g sid, 713.80 % 58,08 % 
Soda 35 " 35 " Na,O 15,45 " 16,19 " 
Chalk 22 - CaO 9,29 - 
Pb, - 60 " PbO - 23.0 " 
NaNO, Al,O, 0.04 " 0.18 " 
Na,SO, Fe,0 0.005" 0.003" 


and poor in iron as possible. Their analysis, and the analysis of batches and base 
glasses, are given in Tables 3 and 4, Definite, previously calculated amounts of 
the Lindsay Chemical Co 99.9 % rare-earth oxides Pr, Nd, Sm,,Eu, Dy, Er and 
Ho were added, and carefully mixed into the batches. ~ 

The melting process was carried out in an electric furnace at 1350 C, The 
glasses were melted in the claypots. After careful cooling, the glasses were 
ground to a shape of a 1 cm spectrophotometer cell, and the absorption curves 
of these measured by means of a Beckman DK-2 spectrofotometer, 

In Figures 2-- 8 are given the absorption curves of each rare-earth cation in 
both base glasses and their chlorides in watersolution, After this work had been 
carried out in summer 1959, the curves of the rare-earth glasses were published 
[8]. It may be seen that the values of the tops of the curves are practically 
unchanged in all circumstances, In the absorption curve of an Nd-glass, however, 
there was a distribution of the peak 576 m_ into two different values 578 m and 
587 m . 

When the rare-earth-concentration in each glass, the thicknesses of the glass 
pieces, and their refraction index, were known, a comparison between the 
concentrations and the modified heights of the peaks in the absorption curves can 
be made by modifying each peak to the same level according to the Lambert- 
Beer-quotient, and assuming that all curves have the same minimum value, T = 80 %. 
The results are given in Table 5, 

Figures 9-- 15 were prepared from these results on a semilogarithmic scale, the 
thodified peak being the linear, and the concentration the logarithmic co-ordinate. 
In all these figures, a turning point existed in the curves between the concentrations 
0.5 % and 1 %, 
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After this point, the curves were linear, according to Lambert-Beer-law, in 
solutions, The peak values in soda-lead-silica glasses were greater than in corres- 
ponding soda-lime-silica-glasses. 

Both of these features can be explained by the intermediate character of the 
trivalent rare-earth-cations in the network, 

At the curve turning point, all the possible silica ions are substituted with 
rare-earth-cations. The resubstituting effect of lead-cations can be seen in the 
greater peak values of corresponding soda-leadesilica glasses, 

When the role of the trivalent rare-earth-cations in the network of glass is the 
same as that in the previous assumption made according to their IK? -values, this 
fact can definitely be accepted as supporting the explanation given by the ion 
characteristic value for the behaviour of the cations in a glass-state, 
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